Modification of advanced programmatic risk analysis and management model for the whole project life cycle's risks by Zeynalian, Mehran et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Zeynalian, Mehran, Trigunarsyah, Bambang, & Ronagh, H. R (2013) Mod-
ification of advanced programmatic risk analysis and management model
for the whole project life cycle’s risks. Journal of Construction Engineering
and Management, 139(1), pp. 51-59.
This file was downloaded from: http://eprints.qut.edu.au/57102/
c© Copyright 2013 American Society of Civil Engineers
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1061/(ASCE)CO.1943-7862.0000571
1 
 
Modification of Advanced Programmatic Risk Analysis and 
Management Model for the Whole Project Life Cycle’s Risks 
Mehran Zeynalian1, Bambang Trigunarsyah2 and H.R. Ronagh3 
 
Abstract: Advanced Programmatic Risk Analysis and Management Model (APRAM) is one of 
the recently developed methods which can be used for risk analysis and management 
purposes considering schedule, cost and quality risks simultaneously. However, this model 
considers those failure risks that occur only over the design and construction phases of a 
project’s life cycle. While it can be sufficient for some projects, for which the required cost 
during the operating life is much less than the budget required over the construction period, 
it should be modified in relation to infrastructure projects as the associated costs during the 
operating life cycle are significant. In this paper, we propose modified APRAM model, which 
can consider potential risks that might occur over the entire life cycle of the project, 
including technical and managerial failure risks. Therefore, the modified model can be used 
as an efficient decision-support tool for construction managers in housing industry where 
various alternatives might be available, technically. The modified method is demonstrated 
using a real building project, and this demonstration shows that it can be employed 
efficiently by construction managers. Delphi method was applied in order to figure out the 
failure events and their associated probabilities. The results show that although the initial 
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cost of cold formed steel structural system is higher than conventional construction system, 
the former’s failure cost is much lower than the latters’. 
CE Database subject headings: Risk management, construction management, Risk analysis 
1 Introduction 
Many engineering projects are faced with budget and time constrains for many reasons 
including the current world economic climate. A successful project is usually identified by its 
ability to be completed on time and within budget in conformance with technical 
requirements. In order to achieve these objectives, construction managers need to be 
equipped with efficient decision-support tools which can help them to improve the 
distribution of the allocated project resources considering cost, time and quality, while 
simultaneously minimizing the risks of project failure. Complicated as this is, balancing 
resource allocations and the risk of project failure becomes even more complicated as the 
project’s resources become more constrained. Managers need to make critical decisions 
that affect the project outcomes. They have to choose a feasible construction style, 
including both design and construction (D&C) issues, with respect to all potential technical 
and managerial failures as well as in-service problems which might affect the project’s 
performance. 
The literature shows that there are a variety of methods available for use in the 
management of risks in the construction industry (Abdou 1996; Forbes et al. 2008); 
however, most of these techniques address either those risks relating to only cost, schedule 
or structural reliability or those relating to a combination of cost and schedule risks (Imbeah 
and Guikema 2009). In some projects, a large number of interdependent components are 
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involved which lead to complicated trade-offs amongst the competing risk elements, 
including cost, schedule and technical performance. For example, a schedule overrun may 
increase the total cost of construction due to the additional costs of renting cranes/trucks. 
Therefore, having an appropriate technique which can address the combination of different 
risks of failure involved in construction is necessary. Advanced Programmatic Risk Analysis 
and Management Model (APRAM) was first introduced for the aerospace industry, 
particularly the management of NASA’s “Faster, Better-Cheaper” unmanned space missions. 
These tasks are characterized by an attempt to produce a quality system in a shorter time 
and at reduced cost relative to traditional methods (Dillon and Pate-Cornell 2001; Dillon et 
al. 2003). APRAM is one of the techniques which can be used as an efficient decision-
support tool for the risk management of construction project failures (Imbeah and Guikema 
2009). The model was developed to address the need to balance different types of project 
risks concurrently. APRAM permits explicit quantified optimization of budget reserves 
allocation through trade-offs between technical and managerial failure risks based on the 
preferences of the decision maker(s). it also allows for checking whether technical and 
managerial risks meet the thresholds of acceptability (Dillon et al. 2003). Imbeah and 
Guikema (2009) stated that this method can be used in the housing industry to help project 
managers address all identifiable failure risks and compare different potential construction 
methods. It is notable though, that in reaching this conclusion, they took into account only 
the design and construction parts of the project. Therefore, some modifications are 
required to use this method properly in covering not only the initial costs of a project, but 
also its whole life cycle costs, including design, construction, operation and maintenance. 
These modifications are essential to specify whether the higher initial cost of a project is 
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economically justified by the reduction in future costs when compared with another 
alternative that has a lower initial cost but higher future costs.  
This paper proposes a modified APRAM model that can consider potential risks of the 
project which might occur over the project’s whole life cycle, including technical and 
managerial failure risks. The paper starts with the description of the steps in applying 
APRAM. It continues with a discussion of the need to include life cycle cost in the APRAM 
model, which is then followed by an implementation of the modified APRAM model using 
the feasibility of employing cold formed steel (CFS) structures as a case study. Finally, the 
paper summarizes the findings of the study. 
2 Advanced Programmatic Risk Analysis and Management Model (APRAM) 
The APRAM model can be used by project managers in order to identify three sequential 
optimization steps (Dillon 1999). The first step is to identify all feasible technical design 
alternatives, giving consideration to the budgets which can be spent on the project, in order 
to minimize the technical probability of failure (PF) for each alternative. In this step, all 
possible components for the major portions of the building such as foundation, roof, and 
cladding, as well as their preliminary cost estimation should be specified. Then the minimum 
cost set for each technical design alternative and its appropriate residual budget are 
identified. The residual budget refers to the difference between the total project budget 
and the minimum cost of each alternative which is available for improving the project either 
technically or managerially. The next stage in the first step includes optimizing the allocated 
residual budget over the different components of each design alternative, and then 
choosing the optimum technical alternative. For this purpose, the possibility of 
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enhancement of technical aspects of each alternative, based on the allocated portions of 
the residual budget, is investigated as a non-linear optimization problem. The allocated cost 
for solving the optimization problems can vary from 0 to 100% of the total residual budget.  
In the second step, managerial risks over the available range of potential reserve budget 
should be identified and then minimized for each alternative using appropriate optimization 
strategies. These strategies are chosen by the determination of all potential managerial risks 
that might occur for each technical design alternative, as well as any possible mitigation 
actions which can be used for each managerial risk. Basically, this step is similar to the first 
step, except that the optimization is applied in allocating a part of the budget to lowering 
managerial risks including schedule and budget issues.  
The final step is the determination of the optimum technical design alternative considering 
both technical and managerial risks. Each technical design alternative may need a different 
portion of the residual budget through trade-offs between technical and managerial failure 
risks based on the preferences of the decision maker(s). Finally, project managers should 
choose the alternative that offers the best value considering probabilities of failures of the 
project and the associated failure costs. If this is not satisfactory, the allocated resource 
should be increased until the selected alternative meets the threshold of acceptability. 
Figure 1 shows the steps and sub-steps involved in implementation of APRAM. 
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3 Life cycle cost (LCC) 
The life cycle cost (LCC) of a project is defined as the project’s total costs which are spent 
throughout all phases of the entire life cycle of the project, including design, construction, 
operation, maintenance and repair, and even demolition as shown in Figure 2. LCC involves 
both operational and embodied energy, i.e. life cycle energy, attributable to buildings over 
their lifetime (Fay 2000). 
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Figure 2: Life cycle phases of a project 
The APRAM model should be modified so as to cover the whole life cycle cost of the project 
considering the time-value of money. As the value of money changes with time, the 
expenditures made at different times are not equal. The present-value (PV) method, which 
is adopted by standard ASTM E917-05, is employed for this purpose. The method 
determines the present value of future expenditures during the service life of the project 
using Equation 1 (E917-05 2005).  
    
  
      
 
   
                                                                                                
where: 
   = the sum of all relevant costs occurring in year t, 
   = length of project’s service life, and 
    = the discount rate. 
The discount rate takes into account the changing value of money over time and is generally 
described as presented in Equation 2. It consists of three main components, including: the 
real opportunity cost of capital (cc), the required premium for financial risk of investments 
(fr), and the anticipated rate of inflation (pi). Each component is declared as a percentage 
representing the rate of annual increase (or decrease, in the event of economic deflation); 
thus the current discount rate can be calculated as follows (TRB 2003): 
                                                                                                 
In the current study, the discount rate and the service life span of a residual building are 
assumed to be 12% and 50 years, respectively (IR2800 2005). It is necessary to mention that 
in order to evaluate relevant costs occurring during the in-service life (or operating life) of a 
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project, having an in-depth local study considering the economic histories of similar 
buildings is essential. However, this study uses some local evidence and the life cycle costing 
profile adopted by some researchers (Dunston and Williamson 1999; Griffin 1993) as shown 
in Figure 3, where the operating cost (        ) of a building is assumed to be equal to 
development costs (       ) of the building, i.e. 50% of the total life cycle costs.  
 
Figure 3: Life cycle costing profile (Dunston and Williamson 1999; Griffin 1993) 
4 Implementation of the modified APRAM model 
In this study, the advanced programmatic risk analysis method and management model is 
applied to assess the feasibility of using CFS structures in seismic regions in comparison to 
other conventional currently-in-use buildings. For this purpose, a typical two-story 384 m2 
residential building located in Kerman (a high seismic region in Iran) is considered. The real 
drawings and specifications are employed mainly to establish the scope of the work. 
It is determined that the owner intends to spend an initial capital cost of $150,000 for the 
design and construction of the project. This sum includes all costs which are required to be 
spent for the building’s construction, as well as all additional funds essential to improve the 
project either technically or managerially.  
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The costs and probabilities of failures which are applied in this study are estimated based on 
local studies and interviews with construction managers, contractors and consultants as 
illustrated in details in Section 4.3. As well, it is presumed that the annual additional 
resources which are required for the in-service life cycle cost of the project (i.e. operation 
and maintenance, repair, renewal and demolition) would be supplied by the owner over the 
service life of the building; they are not included in the initial capital investment. 
4.1 Identification of possible technical design alternatives 
Considering the region’s construction traditions, two main technical design alternatives can 
be taken into account for the construction of a two-story residential building, including 
conventional construction system (CCS) and CFS frame system. CCS in this study refers to 
the use of masonry walls combined with concrete anchors as the main structural system. 
In the APRAM model, one has to classify the components that can be used for CCS and CFS. 
Table 1 lists the components which are identified for both alternatives. 
Table 1: Components of construction’s alternatives 
 Potential Construction Alternatives 
Components: CCS CFS 
Foundation Strip reinforced concrete anchors Mat foundation 
Structural frame Brick and reinforced concrete anchors Cold-formed steel studs 
Floor Reinforced concrete joist and filler blocks 
CFS joists and lightweight 
compressed blocks 
Roofing Roofing felt Slate/Tin roofing 
Facade Facing brick Fiber cement board panels 
Internal Cladding Hollow brick and gypsum plaster Gypsum Board 
Utilities Multi-layer plastic pipe Multi-layer plastic pipe 
Thermal insulation N.A. Rock wool 
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4.2 Determination of residual budgets 
Once the components of those construction alternatives which are technically possible have 
been evaluated the minimum development cost set for each alternative, as well as its 
predicable operating cost, should be identified. As discussed in Part 3, the operating cost 
here is considered to be equal to the development cost of the building. Based on local prices 
for the two different constructional systems, CCS and CFS, the development costs are 
estimated as shown in Table 2. The residual budget (RB) for each alternative is then 
evaluated by calculating the difference between the initial total project budget (TB) and the 
total cost of construction development (       ). Table 2 shows the residual budgets for 
both alternatives as well as the operating cost over the service life span of the building. 
Table 2: Development costs and residual budgets 
Alternatives           
 Total       
 Total modified       
 RB Total         
CCS 0.87 $285/m2 $109440 $125793 $24207 $109440 
CFS 0.92 $300/m2 $115200 $125217 $24783 $115200 
It is assumed here that the owner intends to invest the funds based on the effective usable 
area of the building. That means only the net area of the building’s floors should be taken 
into account for evaluating the building’s development cost. Hence, a cost modification 
factor ( ) is defined, as depicted in Equation 3, which is multiplied by the total development 
cost. This calculation is performed due to the considerable difference that exists between 
the wall thicknesses of the two alternatives, leading to different net areas.  
   
       
  
                                                                                     
where    is the gross area of the building and    is the total cross sectional area of all 
internal and external walls summed up for all floors.  
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As mentioned above, the total operating cost refers to all expenditure during the project’s 
service life span. Therefore, when it is compared to the design and construction life cycle 
costs of the building, it is necessary to convert this into the appropriate present-day value 
using Equation 1 as shown in Table 3. 
Table 3: Present value of operating life cycle costs 
Alternatives Total         Annual         PV
 
CCS $109440 $2189/Year $20369 
CFS $115200 $2304/Year $21439 
4.3 Identification of technical and managerial risks 
While in the original APRAM model only those possible failure risks that may happen during 
the first three phases of the project are identified, here potential technical and managerial 
failure risks over the whole life cycle are taken into account. A fault tree analysis (Pate-
Cornell 1984) is used to evaluate the probabilities of life cycle failure risks, as shown in 
Figure 4. 
 
 
 
 
 
 
Figure 4: Fault tree diagram of life cycle failure risks 
To evaluate the failure risks of the project, all possible sources of fault in the building’s 
performance are considered as technical failures. These technical failures may occur either 
before or after the construction’s completion and therefore can be categorized as technical 
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failures in the D&C or Operation & Maintenance (O&M) sections of the diagram. It is 
notable, again, that all failure events during the whole project life cycle , not only D&C 
phases, should be considered in order to increase the reliability of the APRAM model’s 
outcomes. The factors that may lead to the project’s completion behind schedule and/or 
over budget are considered to be managerial risks under the D&C branch of the fault tree 
diagram. It is worth mentioning that based on the information derived from the local studies 
and interviews, in the D&C phase of the project, the technical and managerial failure risks of 
the project can be rationally considered independent, whereas during the operating phase 
of the project life cycle, they are completely related. This means that any matter that adds 
to either the cost (due to repairing/replacing) or the time arises from a technical issue in the 
building. Therefore, only technical failure risks during the operating life are considered. This 
conclusion is made only for the specific case study in this paper (i.e. two story residential 
building), and may be not true in all cases. Therefore, in order to apply the modified APRAM 
model properly, appropriate local investigation is essential. 
Additionally, it is worth noting that the lifetimes of the building’s services, such as the 
heating system, are usually much shorter than the life cycle of the building (D&R 
International Ltd March 2009). Therefore, it is anticipated that having some of the 
equipment or services replaced or overhauled during the operating life of the project will be 
necessary. In the other words, the risk events associated with the building’s services that 
happen during the in-service life cycle of the building are identified considering only their 
own effective lifetimes. The technical and managerial failure phenomena and the associated 
probabilities of failures, and costs over the whole life cycle of the project are taken into 
account employing Delphi method (El-Reedy 2011) as shown in Tables 4 to 9. The Delphi 
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method is a group decision making technique which attempts to achieve a consensus among 
a group of experts using a series of questionnaires. For this purpose, first, a questionnaire 
was answered anonymously and individually by each member of the group including two 
construction managers, two contractors, and three consultants, asking about the potential 
risks of a typical two-storey residential building in the whole life cycle at the target place. 
Then, the answers were summarized and sent back to the group members along with the 
next questionnaire. This time, the respondents were asked to give each failure event a 
validity score from 0 to 10. Next, graphs summarizing the results were again sent back to 
the respondents. They were asked to reassess their previous answers and the same 
questions were asked. After that, summaries of the answers were sent to all group 
members showing the mean and standard deviation. The respondents were asked to re-
evaluate all new assumptions revealed in round two and those from round one that had a 
large standard deviation and to again assign a validity score. In the next step, the final 
failure risk events were finalized based on the results. The same process was performed in 
order to calculate the associated probabilities of failures. After three iterations, the final 
values for probabilities of failures had a good agreement among the group. 
It is notable that the probabilities of failures for CFS structures are typically lower when 
compared to those of CCS structures. This is mainly because not only is CFS factory-made 
and therefore quality controlled, but also the D&C life cycle of a CFS building is much shorter 
than the D&C life cycle of a similar CCS building. It is worth mentioning that although the 
probabilities of failures for CFS building are mostly lower, one still needs the use of an 
appropriate model, e.g. the modified APRAM model, in order to justify whether the use of 
CFS structures is feasible, as the development cost of CFS is higher than CCS. In addition, 
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APRAM scrutinizes the difference between the failure costs of both constructional styles 
which must be considered as part of the comparison of the two styles. 
In this paper the discrepancy in uncertainty of probabilities and costs between different 
phases of the project was not taken into account as the input data was derived employing 
the Delphi method, conducted by a group of experts. However, it is an important point and 
may be considered in further studies. 
Table 4: Probabilities of technical failure events of CCS during the D&C life cycle 
Alternative 1: Conventional construction system (CCS) 
No. Technical failure risk Probability 
1 Weak cast-in-place foundation concrete 0.25 
2 Spalling of frame concrete 0.10 
3 Lack of appropriate vertical and horizontal 
anchors to brick wall connections 
0.15 
4 Use of poor cement mortar 0.35 
5 Poor floor concreting 0.20 
6 Poor shuttering 0.10 
7 Lack of appropriate insulation 0. 20 
8 Façade distortion 0.35 
9 Poor utilities performance 0. 20 
10 Improper design 0.05 
 
Table 5: Probabilities of managerial failure events of CCS during the D&C life cycle 
Alternative 1: Conventional construction system (CCS) 
No. Managerial failure risk Probability 
1 High reworks and change orders 0.15 
2 Late delivery of cement 0.05 
3 Late delivery of reinforcement bars 0.05 
4 Increase in the price of cement 0.25 
5 Increase in the price of reinforcement bars 0.25 
6 Inclement weather 0.20 
7 Using additive material or extra protection 
facilities due to climate changes 
0.45 
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Table 6: Probabilities of technical failure events of CFS during the D&C life cycle 
Alternative 2: Cold-formed steel frame (CFS) 
No. Technical failure risk Probability 
1 Weak cast-in-place foundation concrete 0.05 
2 Improper manufacture of CFS members 0.03 
3 Improper erection of connections 0.05 
4 Lack of appropriate insulation 0.02 
5 Façade distortion 0.10 
6 Poor utilities performance 0.05 
7 Improper design 0.15 
8 Improper galvanizing 0.05 
 
Table 7: Probabilities of managerial failure events of CFS during the D&C life cycle 
Alternative 2: Cold-formed steel frame (CFS) 
No. Managerial failure risk Probability 
1 High reworks and change orders 0.05 
2 Late delivery of cement 0.05 
3 Late delivery of reinforcement bars 0.05 
4 Increase in the price of cement 0.10 
5 Increase in the price of reinforcement bars 0.10 
6 Inclement weather 0.05 
7 Using additive material or extra protection 
facilities due to climate changes 
0.10 
8 
Increase in the price of cold-formed steel 
sheets 
0.10 
9 High cost of skilled professionals 0. 20 
10 Excessive essential in-site galvanizing 0.05 
 
Table 8: Probabilities of technical failure events of CCS during the operating life cycle 
Alternative 1: Conventional construction system (CCS) 
No. Technical failure risk Probability 
1 Waterproof roofing failure 0.02 
2 Façade faulty 0.05 
3 Utilities faulty 0.05 
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Table 9: Probabilities of technical failure events of CFS during the operating life cycle 
Alternative 2: Cold-formed steel frame (CFS) 
No. Technical failure risk Probability 
1 Waterproof roofing failure 0.01 
2 Façade faulty 0.02 
3 Utilities faulty 0.03 
 
Both technical and managerial risks are divided into two parts – total and partial risks. While 
the total technical failures (TTF) refer to the possibilities that might cause the building to be 
classified as unusable according to the specifications, the partial technical failures (PTF) 
involve those failures which render the building usable, but only at a degraded level of 
functionality. The managerial risks include the probabilities for which the project cannot be 
completed within the assigned budget and provided timetable. Current evidence suggests 
that residential buildings in the target area are usually built with considerable cost and time 
overruns. Therefore, no total managerial risks are considered in this study and all identified 
managerial failure risks are categorized as partial managerial failures (PMF). The same has 
been assumed for the technical failure events of the building over the operating life of the 
project, which are considered partial technical failures, since it is expected that these 
failures would not affect the overall performance of the building.  
Appropriate trade-offs between these failure risks are essential to achieve the optimum 
performance of the building. For example, spending more time and money on design to 
reduce the technical failure risks may increase the probability of management failure from 
cost and time overruns. The probabilities of failures of both total and partial technical and 
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managerial failure risks are calculated based on the fault tree models using Equation 4 
(Pate-Cornell 1984), assuming that all basic identified risk events are independent.  
           
 
   
           
 
     
 
   
            
 
     
 
     
 
   
          
The next stage is to establish how the probabilities of failures of different risks vary as the 
residual budget is spent. It is assumed that the probabilities of failures decrease 
continuously. This assumption, which is originally presented by Guikema and Paté-Cornell 
(2002), is relevant to this research work and its suitability has also been confirmed by 
Imbeah and Guikema (2009).  The model contains a general risk/cost function for modeling 
systems, assuming that the probabilities of failures of a system diminish exponentially as the 
residual budget is spent to increase the robustness and performance of the system. Thus, to 
optimize the allocated residual budget over identified alternatives, curves descending 
exponentially were implemented for each identified failure risk, in order to estimate the 
expected reduction of the probability of failure with the allocation of a portion of the 
residual budget, as depicted in Equation 5. The term          in Equation 5 refers to 
technical reinforcement budget which is illustrated in the next section. 
                                                                                        
where  is the portion of residual budget that can be used as the investment to improve the 
probability of failure for risk event    and is always between 0 and 1, and    is an assessable 
constant. To evaluate the equation’s parameters, it is necessary to find out how much the 
failure mode of each risk event decreases for a specific amount of investment. This decrease 
is illustrated by definition of the decline factor, which is the ratio between the probability of 
failure of each risk event before and after the specific investment. The decline factor in this 
18 
 
study is considered to be equal to 2, and again the Delphi method was applied to identify 
the requested investments. As an example, Table 410 illustrates the effects of investments 
on risk reductions for technical probabilities of failure events of CCS.  
Table 410: Effects of investment on technical PF of CCS during the D&C life cycle 
Alternative 1: Conventional construction system (CCS) 
No Risk Events 
Investment 
( ) 
               
1 Weak cast-in-place foundation concrete 0.15                    
2 Spalling of frame concrete 0.22                    
3 
Poor vertical and horizontal anchors to 
brick walls connections 
0.12                    
4 Use of poor cement mortar 0.08                    
5 Poor floor concreting 0.06                    
6 Poor shuttering 0.14                    
7 Lack of appropriate isolation 0.07                    
8 Façade distortion 0.10                    
9 Poor utilities performance 0.05                    
10 Improper design 0.02                    
 
The probability of failures for both partial and total failure risks can then be evaluated using 
Equation 4. Figures 5 and 6 show the probability of some technical failure risks as well as 
partial managerial risks during the D&C phase of the project life cycle for both CCS and CFS, 
respectively. 
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Figure 5: Probabilities of different technical failure states during the D&C life cycle vs. fractions of RB for CCS 
 
Figure 6: Probabilities of different technical failure States during the D&C life cycle vs. fractions of RB for CFS 
4.4 Optimization of the technical reinforcement budget over D&C life cycle 
The technical reinforcement budget (        ) is defined as that portion of the residual 
budget that can be used to reinforce or improve the technical features of the building and 
can be expressed as: 
                                                                                                                     
The residual budget, as part of the initial capital cost of the project, is not spent directly on 
improving the technical failures of the project over its operating life cycle because these 
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failures occur over the whole life cycle and, as such, it is not economically rational to set 
aside a large sum of money for potential use in the future. Thus, residual budgets are 
basically spent on identified failure events during the D&C life cycle of the building, keeping 
in mind the potential technical risks that might occur during the operating lifetime, as 
illustrated in Section 4.2. 
The next stage is to optimize the allocated residual budget over the technical components of 
each alternative. For this purpose, a non-linear optimization algorithm, which is similar to 
what Imbeah and Guikema (2009) used, was applied, satisfying the Karush-Kuhn-Tucker 
(KKT) conditions for the optimality of the Lagrangian function (Hillier and Lieberman 2005) 
using the software Mathematica (Wolfram Research Inc. 2007). KKT conditions are 
necessary for a solution of the non-linear optimization problem provided that some 
regularity conditions are satisfied. The optimization provides fractions of the residual budget 
required to be spent on each component that will optimize the owner’s utility, which is 
basically defined according to the decision maker’s preferences. The utility in this specific 
case is the minimum expected failure cost which can be evaluated using Equation 7 for each 
allocation of the technical reinforcement budget (        ). 
                          
 
                            
                  
      
  
         
where: 
                 = Probability of TTF depending on the assigned technical reinforcement 
budget relevant to D&C life cycle 
                 = Probability of PTF depending on the assigned technical reinforcement 
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budget relevant to D&C life cycle 
                  = Probability of PTF depending on the assigned technical reinforcement 
budget relevant to operating life cycle 
       = Costs of TTF relevant to D&C life cycle 
       = Costs of PTF relevant to D&C life cycle 
        = Costs of PTF relevant to operating life cycle 
Figures 7 and 8 show the summarized outcomes of the technical optimization analyses for 
both alternatives, which were carried to discover the optimal allocated technical 
reinforcement budgets over different failure risks events for α=1.  
 
Figure 7: Probabilities of technical failures 
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Figure 8: Costs of technical failures 
Figure 8 indicates that while the initial cost of CFS building is higher than CCS, the cost of 
technical failures for CFS is much lower than the cost of technical failure of CCS structure. 
However, in order to judge the two styles properly, one needs to consider the effects of 
managerial failure risks, as well. 
4.5 Optimization of managerial reinforcement budget 
The same non-linear optimization approach is used to optimize the managerial reinforced 
budget over different identified failure risk events which occur during the D&C life cycle. The 
portion of residual budget which is left for improving the managerial failure modes is 
referred to as managerial reserve as shown below: 
                                                                                                          
Again, the utility was considered as the minimum expected failure cost that can be 
determined using Equation 9 for each allocation of managerial reinforcement budget 
(       ). As noted earlier, the identified managerial risk events in the housing industry are 
considered to be the partial failure risks that occur over the D&C life cycle. In other words, it 
is presumed that any failure event which happens over the operating life cycle of the project 
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is a result of a technical issue in the project that might need either time or cost, or both, to 
be repaired.  
                         
 
                                                            
where                  is the probability of partial technical failures depending on the 
assigned managerial reinforcement budget; and        is the costs of partial managerial 
failures.  
The summarized results of managerial optimizations for both CCS and CFS are depicted in 
Figures 9 and 10.  
 
Figure 9: Probabilities of managerial failures  
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Figure 10: Costs of managerial failures  
Figure 10 shows the cost of managerial failures for both structural systems. Again the graph 
stipulates that the managerial failure costs for CFS style is slightly less than CCS style. 
4.6 Choice of optimum alternative and corresponding residual budget  
The final step is to determine the optimum alternative, considering both technical and 
managerial failure risks, and investigating the fraction of the residual budget which 
maximizes the owner’s utility, which is defined as the minimum expected cost of failures. 
The order of failure occurrence, including both technical and managerial failures over the 
whole life cycle, is shown as an event tree in Figure 11. The managerial failures take place 
before technical failures because a technical failure can happen only after the building has 
been constructed. 
 
 
 
 
 
 
 
 
 
Figure 11: Potential project failures 
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The minimum expected failure costs for each allocation of the residual budgets to technical 
and managerial reserves is evaluated using Equation 10. 
                                                                               
                                                                                        
                                                                                      
                                                                                                        
where:        means no technical failure, 
        means no managerial failure, 
          means no partial technical failure, 
      and       are costs of events Xs and Xs= PMF,      , TTF, PTF,       ,    , and         . 
 
Figure 12: Probabilities of failures 
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Figure 13: Cost of failures 
Figures 12 and 13 show the summarized outcomes for the overall optimizations for both 
alternatives, including technical and managerial failure risks, probability of overall project 
failure, as well as the estimated costs of failures over the whole life cycle of the project. 
Figure 13 shows that although the total development costs for both CCS and CFS 
alternatives are almost similar, as seen in Table 2, the cost of failure and the probabilities of 
failure risks for CFS are much lower than CCS. Therefore, it can be clearly concluded from 
comparing both alternatives that using CFS structures for construction of a two-story 
building in the targeted area is more economical. This case study here evidently shows the 
usefulness and the efficiency of implementation of modified APRAM method which helps 
project managers to select the optimum technical alternative considering all failure modes 
over the entire project life cycle. 
It should be emphasized that the modified APRAM model presented here contains a general 
risk/cost function for modeling systems, assuming that the probabilities of failures in a 
system diminish exponentially as the residual budget is spent to increase the robustness and 
performance of the system. The reliability of this assumption needs to be evaluated in 
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further studies using historical data on similar or related projects. Also, the model takes into 
account only the economic aspects of a project, including cost, time, and quality. This study 
could be improved by considering other factors of sustainability, such as social and 
environmental factors. 
5 Summary and Conclusion  
This paper has presented the modified Advanced Programmatic Risk Analysis and 
Management Model (APRAM) as an appropriate decision-support tool for construction 
managers, which can address cost, time and quality failure risks simultaneously. While the 
original APRAM model takes into account only those risks that occur over the design and 
construction phases of the project’s life cycle, the modified APRAM method which is 
proposed in this paper addresses the project’s failure risks over the whole life cycle of the 
project, including the operating phase. In order to illustrate this method, an actual two-story 
building was studied. The failure risks and their probabilities and cost of failures were 
estimated employing the Delphi method which had been conducted involving a group of 
local experts. Two possible structural alternatives (i.e. CFS and CCS) are taken into account. 
Although CCS needs a lower capital cost, its failure cost is much higher when comparing to 
CFS. Therefore, using the final model’s outcomes, decision makers can clearly decide which 
alternative is more sustainable and reliable for a particular project. As well, they can judge 
whether the selected alternative can meet the thresholds of acceptability considering all 
technical and managerial failure risks over the whole life cycle of a project. 
28 
 
By considering not only design and construction risks, but also the risks during the operation 
and maintenance phase, the modified APRAM model can help construction managers make 
a better decision in selecting the most optimum option. . 
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Nomenclature 
The following symbols are used in this paper: 
Symbol Description 
APRAM Advanced programmatic risk analysis and 
management model 
Cc Cost of capital 
CFS Cold formed steel 
CCS Conventional construction system 
D&C Design and construction 
        Development costs 
Fr Financial risk of investments 
LCC Life cycle cost 
KKT Karush-Kuhn-Tucker 
MF Managerial failure 
       No managerial failure 
O&M Operation and maintenance 
         Operating cost 
PF Probability of failure 
Pi Rate of inflation 
PMF Partial managerial failures 
PTF Partial technical failures 
         No partial technical failure 
PV Present-value 
TB Total project budget 
         Technical reinforcement budget 
TF Technical failures 
       No technical failure 
TMF Total managerial failures 
TTF Total technical failures 
     Probabilities of failure over D&C life cycle 
      Probabilities of failure over operating life cycle 
  Cost modification factor 
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